ABSTRACT
The cochlear outer hair cells serve a tuning function, and any dysfunction of their electromotile response can be reflected in language disorders. Otoacoustic emissions can be used to determine any dysfunction of these cells. A set of clinical records was established to register the neurological and auditory functioning in 42 children, followed by assessment with the Wechsler Intelligence Scale for Children (WISC), the Initial Language Test (ILT), the Auditory and Phonetic Discrimination Evaluation (APDE), tests for measuring Brainstem Auditory Evoked Potential (BAEP) and Transient Otoacoustic Emissions (TOAE). Subjects were classified into 3 groups in this study: Control (C; n = 20), Syntactic Phonological Disorder (SPD; n = 17), and those with Phonological Disability (PD; n = 5). BAEP studies showed a clear response when all children were stimulated to 20 dB. TOAE responses displayed clear and significant differences with half-octave band reproducibility for both ears, the largest effect being observed in the right ear. The results that were compared using ANOVA tests, showed that cochlear processing affects the brain language function, playing a critical role in the language phonetic process.
INTRODUCTION
Oral language disorders are highly prevalent among infants. These disorders form a heterogeneous group, ranging from simple phonetic articulation disabilities to severe communication handicaps (1) . Alterations in infant speech are associated with defects in various neurophysiological attributes, including memory, attention, executive function, and motor dysfunctions of temporal perception. These deficits are documented at a behavioral level for verbal and nonverbal auditory stimuli, tactile recognition, corporal scheme image, spatial orientation, and visual discrimination, as well as mnesic dysfunction, which is related to the immediate auditory memory and working memory (1, 2) . Crespo and Narbona reported that children with a specific language development disorder (dysphasia) had alterations in working memory (phonological and verbal) (1, 3, 4, 5) . However, it is difficult to know if this behavioral deficit is due to an alteration in the storage of sensory information or a deficiency at higher levels of cortical processing.
In terms of the dynamics of the hearing process, Ardila (6, 7, 8, 9) postulated the existence of a single sensory pathway controlling auditory perception of language, suggesting that recognition is independent of production. Auditory processing begins in the ear, where the acoustic signal is first analyzed by the cochlea (Fig 1) . In light of our increasing knowledge of cochlear function, a novel approach based on the study by Kemp (10) can be applied to testing otoacoustic emissions (OAEs) by considering their active role in cochlear energy generation. Both spontaneous and evoked OAEs are small sounds caused by the motion of the eardrum in response to external vibrations. These sounds are ultimately processed and amplified by the cochlea and are responsible for frequency selectivity. In addition, the discovery of outer hair cell motility by Brownell in 1983 (11, 12, 13, 14) provided a physical substrate in cochlear processes, because the measurement of the individual strength generated by outer hair cell indicates that activation of a large number of cells could modulate the cochlear basilar membrane's mechanical responses. This property allows the outer hair cells to function as an amplifier (14, 15) . Nevertheless, this apparent amplification process is more accurately understood as fine-tuning the auditory response. The inner hair cells are the auditory receptors of the cochlea, and 95% of the auditory nerve fibers project into the encephalon. The outer hair cells (which represent 75% of the total cellular population) are innervated by descending axons that originate from other sites in the encephalon, especially the superior olivary nucleus (12, 16, 17) . Activation of this pathway diminishes cochlear sensitivity and frequency discrimination, which are phenomena requiring delicate cochlear tuning (12, 16) .
Transient OAEs (TOAEs) are complex acoustic events that occur deep within the human cochlea and are present at early stages in all individuals with normal hearing (11, 12, 13, 14) . It is expected that individuals with normal integrity of the middle ear and satisfactory functionality of the cochlear outer hair cells display high reproducibility levels. Previous studies have reported that reproducibility values of 50%-70% are adequate for discriminating between normal hearing and hearing loss (18, 19) . On the basis of this understanding of cochlear function, we believe that neuropsychological dysfunction of auditory processing in language disorders could be related to a mild dysfunction of the outer hair cells, which would diminish the delicate cochlear tuning and influence central processing, thereby augmenting language disorders.
The objective of this study was to test our hypothesis that OAEs are altered in language disorders and that certain language disorders are due to cochlear dysfunction, as demonstrated by using OAEs to test cochlear function.
SUBJECTS AND METHODS
Inclusion criteria for this study were boys between the ages of 5 years and 7 years 6 months, who were right-handed and had normal intellectual coefficients.
Subjects
A total of 20 children without language disorders were contacted to form the control group, following the previously indicated inclusion criteria.
We contacted 147 subjects who were diagnosed with a language disorder at the National Institute of Rehabilitation in Mexico City at the Auditory, Phonetic, and Language Pathology Department. Of these subjects, 17 fulfilled the inclusion requirements and were assigned to the pathological group. Furthermore, under the classification of the Specific Disorder of Language Development Subtypes described by Crespo and Narbona, this group was classified as having Syntactic Phonological Disorder (SPD) (3).
We also included a third group of 5 subjects from the 147 children known to have receiving language therapy. Members of this third group showed normal scores on the Initial Language Test (ILT). According to the classification by Crespo and Narbona, this group met the criteria for phonological disability (expressive deficit variant) (3).
After our research project was approved by the Ethics and Research Committee of the National Institute of Rehabilitation in Mexico City and the tutor's or parent's informed consent signature was obtained, the subjects underwent the following tests.
Clinical history, neurological, audiological, and visual clinical exams
We investigated each patient's general data and cerebral risk antecedents, pathological-neurological dysfunctions (previous or present), psychomotor development, and laterality. None of the children in this study showed signs of cerebral damage or emotional or neurological dysfunction.
Wechsler intelligence scale for children (WISC)
The Spanish version of this scale was used to assess whether all children in this study had a normal intellectual coefficient (20).
Initial Language Test (ILT)
This test was designed and standardized for Spanish-speaking children from the ages of 3 years to 7 years 11 months. The ILT incorporates 3 componentssemantics, syntax, and morphology-of the 5 language components; phonology and pragmatics are not included in the ILT battery. Average or above-average scores in this test were considered normal, while below-average or deficient scores were regarded as abnormal (21) . From these criteria, 3 groups were obtained: control (C), SPD, and Phonological Disorder (PD).
Auditory and phonetic discrimination evaluation (APDE)
This test was designed for Spanish-speaking subjects and is useful for detecting dysfunctions derived from an auditory discrimination deficit at an early age, starting at 3 years of age. (22) ; for our study, we used the direct assessment score.
Brain stem auditory evoked potential (BAEP)
BAEP recording was conducted by stimulating the ears with clicks on rarefaction polarity at 20 dB or less, and also at 70 dB for a duration of 0.1 ms. These clicks were delivered through headphones. The contralateral ear was stimulated by the use of a masking white noise of 0 dB when the intensity was 20 dB and 50 dB when the intensity was 70 dB. Brain electrical activity was measured and recorded using silver-chloride disposable disk electrodes placed in derivations Cz, A1, A2, and Fpz, according to the 10/20 International System: vertex (Cz, reference), Fpz (ground), and mastoid processes (A1 and A2, active).
Incoming signals from electrodes were maintained under 5 kOhms and were redirected to a Viasis Healthcare Niccolet computer, where band-pass filters were programmed to allow the passage of frequencies ranging from 100 to 3000 Hz at a sensitivity of 10 μV and an examination time of 15 ms. Participants were presented with a total of 2,000 stimuli and used the cursor from the computer as part of the system to measure latencies of wave V, which was most prominent at the threshold level. The response was duplicated at least once in order to ensure reproducibility. All studies were performed individually without any medication. All subjects showed a response at 20 dB, a level that under our conditions, was considered normal audition (23, 24, 25, 26) .
Transitory otoacoustic emission (TOAE)
Results were obtained using a Madsen Capella Cochlear Emissions Analizer device within a soundproof chamber (anechoic chamber). Sensors were placed at the external auditory meatus. The stimulus was nonlinear and applied in sets of 4 clicks. The first 3 clicks for each group were administered with the same polarity, and the fourth click was presented with the opposite polarity and at a 3-fold greater amplitude than each of the previous stimuli. The sum of the stimuli within each group and every single auditory response following the specific stimulus was considered as zero. Any difference due to nonlinear conduction in the ear was preserved (13, 14, 15) .
Whole-wave reproducibility is the value of the cross-correlation among forms for A and B waves, which are expressed as percentages. This correlation was rerecorded and computed after each set of 20 stimuli (13, 14, 15) . To assess the reproducibility of the frequency waves, forms A and B were filtered within a bandwidth of approximately 1000 Hz, focused around the indicated frequency (13, 14) .
Statistical analysis
The statistical analysis of the APDE was performed using a one-way analysis of variance (ANOVA) among the 3 groups. We employed a Student's t-test for independent samples from the BAEPs and TOAEs within each group (right ear versus left ear), and the final analysis among all groups was conducted with a one-way ANOVA.
RESULTS
The WISC confirmed that all children included in the study had a normal intellectual coefficient, as shown in Table 1 . Based on the results of the ILT, the subjects were classified into 3 groups: a control group (C) displaying average or above average results; a group positively diagnosed with SPD, whose results fell below average or were clearly deficient; and a group of 5 children with scores in the normal range as determined by the ILT but who had a previous diagnosis of PD.
In the APDE, we observed no statistically significant differences for the ESD, AFGD, or LPD groups. In contrast, we found significant differences in the PWD and ASM between the C and SPD groups ( Table 2) . Regarding neurophysiological BAEP recordings, all children responded similarly at 20 dB for both ears; further exploration at 70 dB revealed that I, III, and V waves and their intervals were within normal limits, confirming the integrity of the auditory system. No statistically significant differences were found for either the right or left ear within the 3 groups for all the considered parameters (Table 3) . Moreover, there were no statistically significant differences among all the previously measured parameters between the groups C, SPD, and PD for both the right and left ears (Tables 4 and 5 ). For OAEs, we selectively studied wholewave reproducibility and half-octave band reproducibility. The analysis between the right and left ears in the wholewave reproducibility and the half-octave band reproducibility within each group showed no statistically significant differences (Table 6 ). Additionally, for the analysis of the total reproducibility (both right and left ears) among groups C, SPD, and PD, no statistically significant differences were found (Tables 7 and 8 ).
In the half-octave band reproducibility, significant differences were noted for the left ear at a frequency of 3 kHz between the C and PD groups (Table  7) . Similarly, the right ear showed significant differences between groups C and SPD at 4 kHz, between groups C and PD at frequencies of 5 kHz, and between groups SPD and PD at 5 kHz (Table 8 ).
DISCUSSION
Electrophysiological studies of related evoked potentials have been used to evaluate children's auditory perception of language (2) . It has also been assumed that if a child does not present with an auditory deficit or dysfunction upon audiometric or BAEP testing, then cochlear processing is adequate. In this work, we have tried to elucidate the potential role of cochlear processing in language function using TOAEs that ultimately measure the functioning of the outer hair cells. These cells function as a delicate cochlear amplifying and tuning element (10, 11, 12, 14, 15, 16, 17) . Consequently, our first goal was to prove that all the children in our sample had normal hearing. We found a BAEP response (wave V) at 20 dB for both pathways in each of the 3 groups, indicating that all subjects presented with normal bilateral hearing responses (23, 24, 25, 26) . Similarly, no significant differences existed for wave V at the threshold level (20 dB) compared with the contralateral pathway (right versus left ear), or among groups (C, SPD, and PD). This finding indicates that a homogeneous auditory threshold existed in all patients ( Table 3 ).
The latency behavior for waves I, III, and V and interwave intervals between I-III, III-V, and I-V at 70 dB showed no significant differences for any wave or interval within a group (right versus left ear), nor among groups (C, SPD, and PD), indicating that in addition to having normal hearing, the subjects exhibited complete integrity and adequate functionality of the auditory pathway (23, 24, 25, 26) . We observed no differences among the subjects, as has been reported for children with specific language disorders (2). We conclude that the children did not have any auditory perception impairment (hypoacousia) and enjoyed full integrity of the auditory pathway (Tables 4 and 5) (2, 16, 23, 24, 25, 26) .
TOAEs constitute a series of complex acoustic events that are associated with normal hearing in early life (11, 12, 13, 14) . Recent studies suggest that reproducibility values of 50%-70% are adequate to discriminate between normal hearing and hearing loss (18, 19) . Thus, one would expect high reproducibility values from people with normal integrity of the inner ear and full functionality of the outer hair cells. It is important to note that the function of outer hair cells cannot be inferred from auditory evoked potentials because the outer hair cells are predominantly innervated by descending axons (12, 16, 17) . We also know that because of their neural characteristics, outer hair cells are capable of modifying the cochlear mechanical response, a phenomenon known as cochlear amplification (12, 14, 17) , and cochlear tuning.
In our work, a whole-wave reproducibility higher than 70% was observed in all 3 groups without significant differences among the cohorts (right versus left ears), which indicated that the overall cochlear functioning was adequate (Tables 6, 7 , and 8) (10, 13, 18, 19, 27) . Nevertheless, when we performed the same analysis by half-octave band, we observed that children with SPD had deficits on the right side at 4 kHz as compared to the C group (Table 8 ). The PD group exhibited the greatest alterations, as deficits in group C were observed in the left ear at 3 kHz (Table 7) , and in the right ear at 4 and 5 kHz. The PD group was more severely affected than not only the C group, but also the SPD group (Table 8) .
From a clinical point of view, the SPD group showed poor performance on the APDE test, specifically regarding PWD and ASM. This finding is consistent with reports that language disorders in children are commonly associated with a variety of neuropsychological events, including a lack of perception for verbal and nonverbal auditory stimuli, and auditory memory dysfunction, especially in children with some form of phonologic failure (Table 2) (1, 2) . Indeed, children with SPD have difficulty comprehending language that is presented as noncontextualized phraseology (3) . The children with PD showed no alterations compared to the C group in language competences (Table 2) , as tested by the ILT and APDE, both of which explore semantics, syntax, morphology, and phonology. In phonological disorders, the main problem is imprecise articulation. Indeed, isolated phonemes can be produced, but they tend to lose word structure or are omitted in diverse ways when used within a certain word context (3). For this reason, the PD group was considered to fair normally in the ILT, and no statistically significant differences were observed with group C on the APDE.
However, both groups (SPD and PD) share failures in comprehension and integration of words and in phonological performance. Therefore, these children probably need alterations for detection of certain critical features in the acoustic signal (phoneme recognition (H), Figure 1 ), because the first frequency analysis performed in the cochlea (Figure 1 (B) ) (6, 7, 8, 9) was not adequate as the outer hair cells were not modulating the mechanical response of the basilar membrane (14, 15) . As described by Ardila (6, 7, 8, 9) , there are neurons in the primary auditory cortex that are highly tuned to specific frequencies Figure 1 ) and respond to intensity changes within particular frequency bands, but in children with SPD and PD, the signal reaching these neurons is not adequate. The primary cortex contains a tonotopic map, in which the relative position of a frequency projection is proportional to the logarithm of the frequency (8) . The existence of certain properties in the acoustic signal, such as a frequency change from ƒo to ƒk in a given time t (transition), is functional in a specific phonological system (long-term memory for features (D), Figure 1 ). In our cases, the perception of the frequency change may not be correct because the outer hair cells were not modulating the mechanical response of the basilar membrane (14, 15) , which allows feature recognition ((E), Figure 1 ). Recognition of a phoneme requires the listener to match the features of the signal with phonemic categories (Figure 1 ). This process represents the first categorical judgment of sound units (phonemes) in language perception. A deficit in this first analysis may lead to the imprecise articulation seen in children with PD (3). Presumably, this type of analysis is accomplished in the first temporal gyrus, around the primary auditory cortex. Phoneme chains are subsequently integrated into more complex units (morpholexical units (K), Figure 1 ). Morpholexical units are organized into verbal-acoustic memory (memory for words (J)) formed with the repeated presence of identical phonemic sequences ((I), Figure 1) . A deficit in the second level of processing could be accounted for in children with SPD, and for this reason, children with SPD have problems in auditory sequential memory and phonological word discrimination. This second categorical judgment may involve the first and second temporal gyri (6, 7, 8, 9) .
Conversely, the superior olivary complex plays a fundamental role in binaural auditory development, and this complex is the primary information-receiving center for the cochlear nuclei (16, 28, 29) . The superior olivary complex is also the origin of the efferent cochlear-olivary system, which terminates at the outer hair cells (16) . This efferent pathway increases the sensitivity and the selectivity to frequencies by providing amplification and tuning. Why do children with SPD and PD have phonological disorders? In children with SPD, phonology is altered in the expression area, with phonological errors (omissions, distortions, and substitutions) affecting the integrity of language (3); therefore, the ILT and APDE (which assess phonological word discrimination and auditory sequential memory) are altered ( Table 2 ). In the TOAEs, the pathological groups exhibit fewer failures (4 kHz, Tables 7 and 8 ). In the case of the PD group, the subjects' phonology was altered in the receptive area, as they could produce isolated phonemes and syllables (3) . These findings are reflected in the TOAE scores: the PD group has the most alterations (3 kHz, 4 kHz, and 5 kHz; Table 7 and 8).
Therefore, if the TOAE tests measure outer hair cell activity (10, 11, 13, 14) , we can assume that in the children with phonological deficits, a cochlear dysfunction exists for one or more specific frequencies. In our study, these frequencies were at 3, 4, and 5 kHz (Table 7 and 8) , which explains why we did not obtain good selectivity and tuning of the frequencies. As such, under Ardila's model, there will be no accurate recognition of frequencies and therefore a failure in recognizing features and inadequate recognition of phonemes, thereby representing faults in the first and second levels of the categorical perception of language.
Our subjects displayed dysfunction more commonly in the right ear, supporting the findings of other studies that in children with normal hearing, TOAE scores are higher for the right ear (29, 30) . This finding is in agreement with another report that reported that for dichotic listening tests (directed attention mode), the right ear is more precise for sound-language recognition, thereby supporting the theory that the left hemisphere, contralateral to the right ear, specializes in recognition and response to language sounds (29, 31, 32, 33, 34, 35, 36, 37) .
Additionally, neurophysiological studies show that hemispheric asymmetries in children and young adults are exposed to nonsense syllables in the right ear. Older people lose such asymmetry, along with the ability to discriminate speech sounds (29, 38) . We hypothesized that a similar process might occur in the children in our study because subjects with a SPD presented with deficits in the APDE, ILT, and the TOAEs. Remarkably, the deficit in TOAEs was less severe than what we observed with PD. In fact, despite our extensive testing during the APDE and the ILT, we detected no dysfunction. However, TOAEs were more heavily altered, due to the fact that this group (PD) is more affected than the control group in both ears and because the deficit in the right ear is greater than that in the SPD group. From this finding, we can conclude that hemispheric processing is inadequate, because of a dysfunction at the cochlear level, specifically in the outer hair cells. This dysfunction may be, in part, the cause of the phonologic deficit present in the children in our study. Control N = 20, Syntactic Phonological Disorder N = 17, Phonological Disorder N = 5 sig = significance < 0.05, df = Degrees of freedom Figure 1 . The acoustic signal arrives to the ear (A), and in the inner ear a first frequency analysis is performed (B): at the basilar membrane, different segments respond to different frequencies. There is in consequence, a first topic frequency discrimination. At the primary auditory cortex there are neurons (C) highly tuned-tospecific-frequencies which respond to intensity changes within some particular frequency bands. The primary cortex contains a tonotopic map in which the relative position of a frequency projection is proportional to the logarithm of the frequency. The existence of certain proprieties in the acoustic signal (some frequency changes from fo to fl in a given t time (transition)), functional in a specific phonological system (D) allows a feature recognition (E). The simultaneous existence of some features in the signal (F) coinciding with a particular phonemic category in the listener's language (G) implies the recognition of a phoneme (H). There is a First categorical judgment about the belonging to one of a relatively small number (about 14-40) of sound units (phonemes) in the language. Presumably, this type of analysis is accomplished in the first temporal gyrus around the primary auditory cortex. Phoneme chains are integrated into more complex units (morpholexical units) (K). Morpholexical units are organized in a verbal-acoustic memory (memory for words) (J), formed with the repeated presence of identical phonemic sequences (I).
There is a second categorical judgment. Supposedly, the first and second temporal gyri could be involved in this second level of recognition. In such cases, impairments in the lexical repertoire are evident. An acoustic-verbal percept, corresponding to a morpholexical language unit (word) is associated with some images belonging to other perceptual systems (visual, tactile, etc.) leading to the recognition of the meaning of that morpholexical unit (N). At this point, there is a third categorical judgment. Long-term (M) and short-term (N) memory systems would be also involved. Temporo-occipital and parieto-occipital left brain areas most likely are critical in this cross-modality associative learning and language meaning understanding. Reproduced with permission from: A. Ardila(6, 7, 8, 9) .
On the basis of our results, we propose that peripheral auditory processing affect the brain language functions, playing a critical role during phonological language processing and in peripheral processing laterality control language acquisition (29, 31, 32, 33, 34, 35, 36, 37, 38) .
Should this delicate neural mechanism suffer any signal transduction, even a subtle alteration in the cochlea affecting the functionality of the outer hair cells could affect language and speech processes. This knowledge might help clinicians to develop better and more accurate diagnostic strategies, which may be implemented to shorten rehabilitation and treatment schemes. Finally, considering that language disorders are a public health issue in most countries, further investigation of peripheral processing of language is necessary, and TOAEs may constitute a significant tool in this endeavor.
